Abstract: Multispectral metamaterial absorbers based on metal-insulatormetal nano-square patch resonators are studied here. For a geometry consisting of perfectly nano-square patches and vertical sidewalls, double resonances in the visible regime are observed due to simultaneous excitation of electric and magnetic plasmon modes. Although slightly modifying the sizes of the square patches makes the resonance wavelengths simply shift, rounding corners of the square patches results in emergence of a third resonance due to excitation of the circular cavity modes. Sidewall angle of the patches are also observed to affect the absorption spectra significantly. Peak absorption values for the triple resonance structures are strongly affected as the sidewall angle varies from 90 to 50 degrees. Rounded corners and slanted sidewalls are typical imperfections for lithographically fabricated metamaterial structures. The presented results suggest that imperfections caused during fabrication of the top nanostructures must be taken into account when designing metamaterial absorbers. Furthermore, it is shown that these fabrication imperfections can be exploited for improving resonance properties and bandwidths of metamaterials for various potential applications such as solar energy harvesting, thermal emitters, surface enhanced spectroscopies and photodetection. 
Introduction
Perfect absorption of light can be achieved by exciting surface plasmons on textured metallic surfaces [1] . Metamaterials (MMs) are known as nanostructured metal surfaces to tailor the optical properties. So far, MMs are used for designing negative index materials [2] , optical sensor platforms [3] , surface enhanced Raman spectroscopy substrate [4] , solar cells [5] , thermoplasmonic detectors [6, 7] and optical bolometer imaging systems [8, 9] . Metamaterial absorbers (MMAs) are arrays of patterned metal-insulator-metal (MIM) structures that have almost perfect absorption for certain wavelengths where their impedances are perfectly matched to that of air near the resonant wavelengths. Nearly perfect MMAs are demonstrated in the microwave [10] [11] [12] , terahertz [13, 14] , infrared (IR) [15] [16] [17] [18] [19] [20] [21] [22] [23] and visible regimes [24] [25] [26] [27] [28] [29] [30] . Metamaterial absorbers in the visible spectrum can be realized using nanoparticles on a thick metallic ground plane separated with a dielectric spacer [31] [32] [33] . Typically, MMAs have narrow bands or single resonances attributed to their identical resonators in every unit cell [25, 26, 34, 35] . On the other hand, multispectral characteristic of a metamaterial plasmonic surface has a great potential for various applications such as infrared absorption spectroscopy and surface enhanced Raman spectroscopy where presence of the resonances are generally accompanied by high field enhancements [36] . Recently, broadband or multispectral MMAs are demonstrated in the visible and IR wavelengths using more complex geometries. Multiplexing different resonator structures in a unit cell is a route to obtain multispectral absorption which requires precise control of dimensions of multiple nanostructures [11, [37] [38] [39] [40] [41] [42] [43] . Multispectral MMAs based on simultaneous excitation of electric and magnetic plasmon modes are the least exploited structures [28, 44, 45] . MMAs are usually fabricated by using electron beam (e-beam) or optical lithography which typically result in structures slightly different from the design. For example, disc structures with straight sidewalls come out as truncated cones with slanted sidewalls and square structures acquire rounded corners during lithography. These imperfections are exploited using a MMA structure which has multispectral absorbance bands due to excitation of both electric and magnetic plasmon modes. Specifically, when corners of the top nano-square patches are rounded, a new resonance emerges. The provided analysis is expected to be more realistic as it accounts for imperfections caused by common fabrication techniques. The studied MMA structure only requires accurate control of top nano-square patch widths to obtain a multispectral and broadband response, unlike more complex multiplexed metamaterial structures with multiple resonators with different geometries in a unit cell. 
Results and discussion
The studied structure is based on a metal/insulator/nano-square array geometry [ Fig. 1 ]. Silver is used for both bottom metallic plane and top nano-square arrays. Alumina (Al 2 O 3 ) is used as the dielectric spacer layer. 100nm thick bottom (ground) plane is used for all the simulations where transmission is almost zero in the visible regime. Thickness of the top layer is chosen as 50nm, allowing coupling of localized surface plasmon modes due to interactions between adjacent square patches. Periods of the square patches along x, y directions are 250nm. The simulations are based on the Finite Difference Time Domain (FDTD) method. Material properties (complex and real parts of dielectric functions) for silver and alumina are obtained from the program's material database and fitted to a 12th order polynomial function (Palik data). Mesh size used in the finite element analysis is 2nm in both x and y directions and 1nm in z direction. Broadband electromagnetic plane wave is used for the normal incidence illumination with 400nm-750nm wavelength range. Bloch boundary conditions are chosen for x and y directions and a perfectly matched layer (PML) is used along z direction. Simulation durations are further reduced by using asymmetric and symmetric boundary conditions along x and y directions, respectively.
Figure 2(a) shows absorption spectra for the perfect square patches (R = 0nm). When there is no oxide in the structures, a single resonance at λ = 530nm is observed due to the cavity resonance between the patches (in the grooves). When, an oxide spacer (t ox = 30nm of) is included, the resonance splits into 2 modes at λ 1 = 480nm and λ 2 = 605nm as shown in Fig.  2(a) . To understand the origin of these resonances electric and magnetic field distributions are investigated as shown in Figs. 2(c) and 2(d) . Without the oxide layer, magnetic field is localized in the grooves and electric field is higher at the top of the adjacent ridges. This resonance resembles an electric plasmon mode. With the oxide layer, magnetic field is also confined in the grooves at λ 1 = 480nm. For λ 2 = 605nm, magnetic field is confined in the spacer layer (the 3rd order mode, the fundamental mode is observed in the NIR regime). Hence, resonances at λ 1 = 480nm and λ 2 = 605nm are electric and magnetic plasmon modes, respectively. The small peak around 550nm is due to a higher order magnetic plasmon mode (m = 5). As nano-square patch corners are rounded, the symmetry conditions causing the excitation of these higher order magnetic plasmon modes change which result in disappearance of the 5th order magnetic plasmon mode around λ = 550nm. Then, we investigate the effect of the nano-square patch width (W) as shown in Fig. 2(b) . The resonance at shorter wavelength is unaffected with increasing W which also suggests that this resonance is an electric plasmon mode [28, 46] . However, as the width increases the resonance at higher wavelength shows a redshift which verifies that this is a magnetic plasmon mode. This resonance can be explained in terms of standing waves and can be expressed as λ r = 2n eff W + θ, where n eff is the effective refractive index of the MIM mode, θ is the phase term due to reflections from the edges. The resonance wavelength and W show a linear relationship [47] . When the structures are fabricated using electron beam lithography, due to the finite point-spread function width of the electron beam, the corners acquire a finite curvature. Hence, the corners of the nano-square patches are rounded in the simulations (See Fig. 1 ). Figure 3 shows emergence of a third mode whose resonance frequency is affected by radius of the corners (R). For W = 200nm and R between 0 nm and 40nm there are two distinct resonances as shown in Figs. 3(a) and 3(b) . When the curvature is further increased, the magnetic plasmon mode splits into two. For R = 100nm the nano-square patches become perfect discs and three resonances are observed with almost equal wavelength spacing. The absorption of each resonance is higher than 85%. When W is increased slightly (W = 210nm) splitting of the magnetic plasmon mode is observed at a smaller curvature value (R~30nm). The wavelength spacing between the resonances is the highest for the maximum curvature value (R = 105nm for W = 210 nm) and near perfect absorption is seen for the middle resonance around 550-600 nm [Figs. 3(c) and 3(d) ]. We further investigate the effect of oxide thickness on the absorption of the triple band plasmonic structures as shown in Figs. 3(e) and 3(f). The electric plasmon mode at λ~500nm is almost independent of the spacer thickness as expected. However, the magnetic plasmon modes strongly depend on the spacer thickness due to varying effective refractive index of the MIM waveguide formed by the top patchs and bottom Ag layer with increasing spacer thickness. In order to understand the origins of the resonances for the perfect top nano-discs layer (R = 100nm, W = 200nm), we study the electric field profiles at λ = 550nm and λ = 600nm. The analytical approaches for circular nano patch antennas have been recently demonstrated [48, 49] . Following the steps reported in the previous literature, the Helmholtz equation for metal-insulator-metal geometry is solved in the cylindrical coordinates using: Fabrication of MMAs requires lithography and liftoff processes which results in slanted sidewalls of patterned surfaces. Figure 5(a) shows cross section of a typical MMA structure. To demonstrate the effect of the sidewall angle on the absorption spectra, we study truncated cones as the top metallic layer with varying sidewall angle. Absorption spectra of such structures are shown in Figs. 5(b) and 5(c). As the sidewall angle decreases down to θ = 75 degrees a resonance at λ = 600nm can be observed. While this resonance disappears for smaller sidewall angles, a broad absorption band ranging from 400 to 550nm is observed. For θ = 85 degrees or higher, a triple band absorption is observed. Such a structure with high sidewall angles can be fabricated using inductively coupled plasma or reactive ion etching, after e-beam lithography on MIM films. 
Conclusions
In conclusion, we present a metamaterial absorber structure using simultaneous excitation of electric and magnetic plasmon modes. We investigate the effect of lithography related imperfections in nano structures such as the effect of corner rounding on MIM structures, which shows triple band absorption due to excitation of circular cavity modes confirmed by solving the Helmholtz equation in cylindrical coordinates. The studied structures account for fabrication imperfections which can be exploited to obtain the desired spectral response by tuning the top layer properties such as the nano-square patch width and curvature. Slanted sidewalls of the top nanodiscs are also observed to affect the absorption spectra. Such structures with multiple resonances in the visible regime can be useful for Surface Enhanced Raman Spectroscopy (SERS) which relies on enhanced Raman signal with excitation of multiple plasmon modes [50] . This study can help design of novel thermal emitter devices using the same principles in the IR wavelengths, plasmon enhanced photodetection and solar energy conversion devices.
